The acid phosphatase locus (ACP1) is a classical polymorphism that has been surveyed in hundreds of human populations worldwide. Among individuals of European ancestry, the ACP1*C allele occurs with an average frequency of approximately 0.05, whereas it is nearly absent in all other human populations. It has been hypothesized that this allele is maintained by overdominant selection among European populations. Here, we analyze ACP1 protein polymorphism data from more than 50,000 individuals previously surveyed in 67 populations across Europe as well as inheritance data from more than 6,000 European parent-offspring pairs to assess the signature of natural selection currently acting on this allele. Although we see a significant excess of ACP1*C heterozygotes relative to Hardy-Weinberg expectations, we find no evidence that natural selection favors ACP1*C heterozygotes. Instead, ACP1*C appears to have a strongly deleterious and recessive fitness effect. We observed only 48.9% of expected homozygous offspring from heterozygous parents and significantly fewer homozygotes than expected within populations. Because parent-offspring pairs indicate a significant deficiency of ACP1*C homozygotes, we infer that viability selection is acting on ACP1*C homozygotes very early in life, perhaps before birth. We estimate that approximately 1.2% of all couples of European ancestry are composed of individuals who both carry the APC1*C allele. As such, selection against ACP1*C homozygotes may represent a nonnegligible contribution to the overall number of spontaneous abortions among women of European ancestry and may cause substantial fertility reductions among some combinations of parental genotypes.
which are restricted to Europe and sub-Saharan Africa, respectively). In addition, a number of minor alleles reach polymorphic frequencies in individual populations, such as ACP1*GUA among the Guaymi of Costa Rica and ACP1*TIC among the Ticuna of Brazil (Neel et al. 1980; Barrantes et al. 1982) .
ACP1 encodes two separate isozyme products through alternative splicing of the primary RNA transcript (Dissing and Sensabaugh 1987; Dissing et al. 1991; Lazaruk et al. 1993) . Allele variants of ACP1 differ in their production of these isozymes with respect to both the total quantity and the ratio of isozymes produced [reviewed by Greene et al. (2000) ]. Thus ACP1 genotypes appear to have distinct phenotypes with regard to enzyme production, making them potential targets of natural selection. Here, we focus on identifying whether there is a signature of natural selection on the European ACP1*C allele. Correlation studies have shown that carriers of ACP1*C may experience fitness advantages over individuals who do not carry the allele, leading to the suggestion that ACP1*C may be maintained through overdominance as a balanced polymorphism (Greene et al. 2000) .
The ACP1 locus encodes the low-molecular-weight protein tyrosine phosphatase, the function of which remains poorly understood. It is expressed ubiquitously among human tissues and is thought to play an important role in signal transduction, acting to down-regulate a number of cellular processes related to growth and differentiation (Wo et al. 1992; Raugei et al. 2002) . Functional differences between the two ACP1 isozymes, termed fast (F) and slow (S) , have yet to be identified. These enzymes are identical, with the exception of 33 amino acids that are the products of the alternatively spliced third and fourth exons, respectively (Dissing and Johnsen 1992) . Changes in the amount of F and S isozymes produced by each allele have been associated with mutations that interrupt exonic splicing enhancers (Rudbeck et al. 2000) . ACP1*C is the only allele to produce more S than F isozyme, and it also produces approximately six times more S isozyme (and somewhat less F isozyme) than any other major allele (Dissing 1987) . These differences in isozyme production have been suggested to be the result of a single silent substitution in the third exon of ACP1*C that alters motifs recognized by human splicing factors SRp40 and SRp55 (Rudbeck et al. 2000) .
Patterns of ACP1 allele frequency variation have been interpreted as evidence that particular genotypes may be adaptive in certain environments. This pattern is most striking for the ACP1*A and ACP1*B alleles. The frequencies of these alleles vary clinally on every continent, with ACP1*A appearing to be relatively advantageous at high latitudes (Ananthakrishnan and Walter 1972; Piazza et al. 1981; Sokal et al. 1989; Cavalli-Sforza et al. 1994) . The ACP1*C allele does not show such striking patterns of geographic variability. It is relatively uncommon in nearly all European populations, with a mean frequency of 0.053 (Mourant et al. 1976) . Despite its rarity, ACP1*C is of considerable interest because several studies have suggested that the allele confers increased fitness to heterozygous carriers. One study of Italian women showed that heterozygous female ACP1*C carriers are significantly less likely to have recurrent spontaneous abortions than women of other genotypes, indicating a possible fertility advantage for heterozygous women (Gloria-Bottini et al. 1996) .
A second apparent advantage occurs at birth; rates of macrosomia (extremely high birth weights) are significantly lower among infant carriers of the ACP1*C allele (Gloria-Bottini et al. 1988) . Macrosomia is of considerable risk to both infants and mothers and has been shown to occur more frequently than expected among carriers of the ACP1*A allele (Gloria-Bottini et al. 1988; Bottini et al. 1990 ). Because European populations typically have high frequencies of the ACP1*A allele, Greene et al. (2000) hypothesized that ACP1*C may be maintained through heterozygote advantage in ACP1*A/*C individuals, acting to check rates of infant macrosomia without fully diminishing the cold-adapted benefits of carrying the ACP1*A allele.
Both the Greene et al. (2000) hypothesis and the correlation between spontaneous abortion rates and ACP1 genotype suggest a possible role of heterozygote advantage in the maintenance of ACP1*C. Here, we examine protein polymorphism data from more than 50,000 individuals, representing populations from all regions of Europe, to determine whether overdominance maintains the ACP1*C allele.
Materials and Methods
We assembled all available polymorphism surveys in which genotypic proportions (of all possible genotypes) were reported for the ACP1 locus from European populations. We included only populations where both sexes were sampled from a minimum of 150 individuals. In total, we obtained genotypic data from 50,528 individuals sampled from 67 populations spanning the entire European continent. These data sets are shown in Appendixes 1 and 2. Individual studies used a diverse range of sampling strategies, with some considering populations to be units as small as a single village and others pooling data from entire countries. In this analysis we deferred to the original investigators to define the population composition.
To isolate the possible signature of natural selection acting only on ACP1*C, we combined the two other alleles present in Europeans (ACP1*A and ACP1*B), creating three genotypic classes: ACP1*C homozygotes (hereafter abbreviated CC), ACP1*C heterozygotes (XC), and non-ACP1*C homozygotes (XX). This method may cause us to miss potentially interesting patterns of selection operating within the lumped allele classes; however, it allows us to test hypotheses relating to the action of natural selection on ACP1*C in a simple twoallele system.
Expected Hardy-Weinberg genotypic proportions were calculated from the observed frequency of ACP1*C and non-ACP1*C alleles. Deviations from these proportions were analyzed using standard chi-square tests. The fact that populations are not defined uniformly in our analysis may cause spurious deviations from expected Hardy-Weinberg values because some populations are almost certainly internally subdivided (thus violating the assumption of random mating within defined study units). However, this phenomenon will produce a Wahlund effect (Wahlund 1928) , or an apparent excess of homozygotes within populations. If overdominance maintains the ACP1*C allele, we expect to observe the opposite pattern, making the bias introduced by pooling subdivided populations conservative with regard to our study.
A second source of data used in our analysis is published ACP1 genotype data for 6,039 parent-offspring pairs, as reported by Sørensen (1973) . This data set includes the combined results of data collected in a number of northern European populations. Although a large portion of this data set was screened for cases where paternity could not be confirmed, any errors in paternity assignment do have the potential to influence the observed result. Based on the subset of data in which paternity was confirmed (Sørensen 1973 , Table III), we believe that this source of error is unlikely to influence our interpretations here.
Of the total number of parent-offspring pairs, 1,281 are children of parental types that could potentially produce XC heterozygotes or CC homozygotes, with 90 of these composed of parents who are both XC heterozygotes (i.e., parents who could potentially produce CC children). No parents with the CC genotype were present in the Sørensen (1973) data set. We analyzed deviations from expected Mendelian inheritance patterns using standard chi-square tests. All non-ACP1*C alleles were pooled in this analysis, as described earlier.
It is important to emphasize that both our Hardy-Weinberg and Mendelian analyses are tests of selection acting only in the present generation and that they do not allow us to test hypotheses regarding the role of selection in the past.
Results

ACP1
Genotype Frequencies. Our analysis of genotype frequencies among 67 individual European populations showed only a single significant deviation from Hardy-Weinberg expectations. The single exceptional population was composed of 2,402 individuals from eastern Slovakia sampled by Jurícková et al. (1994) . In this population the significant deviation from Hardy-Weinberg expectations ( 2 ‫ס‬ 7.42, df ‫ס‬ 2, P ‫ס‬ 0.024) is caused primarily by a deficiency of CC homozygotes (0 observed, 6.66 expected) and an excess of XC heterozygotes (253 observed, 239.68 expected), whereas the number of observed XX homozygotes is close to that expected (2,149 observed, 2,155.66 expected).
Despite only a single population having ACP1 genotype frequencies that deviated significantly from expectations, analysis of all populations revealed a significant skew toward an excess of heterozygotes and a deficiency of CC homozygotes. Of the 67 populations, more heterozygotes than expected were observed in 55 populations (sign test, P ‫ס‬ 1.03 ‫ן‬ 10
‫7מ‬
). Similarly, among the 40 populations where at least a single CC homozygote was expected, 32 populations showed a deficiency of homozygotes (sign test, P ‫ס‬ 1.82 ‫ן‬ 10
‫4מ‬
). Pooling all 67 Europeans populations yielded a highly significant deviation from Hardy-Weinberg expectations ( 2 ‫ס‬ 25.02, df ‫ס‬ 2, P ‫ס‬ 3.70 ‫ן‬ 10
‫6מ‬
). There was a slight deficiency of XX homozygotes (45,010 observed, 45,069 expected), an excess of XC heterozygotes (5,421 observed, 5,303 expected), and a deficiency of CC homozygotes (97 observed, 156 expected). ACP1*C Allele Frequencies. The frequencies of the ACP1*C allele within the 67 European populations, shown in Figure 1 , were approximately normally distributed (Kolmogorov-Smirnov test, P ‫ס‬ 0.39), with a mean frequency of 0.052 (SD ‫ס‬ 0.018). Five populations are suspected outliers [as defined by Tukey (1977) ]. Three of these populations have ACP1*C frequencies less than 0.010: the Norwegian Saami (Lie and Teisberg 1973) , Spanish Basques from the Biscay region (Aguirre et al. 1991) , and a population from southwest Germany (Goedde et al. 1966) . The remaining two suspected outliers have ACP1*C frequencies greater than 0.095: the Skolts from northern Finland (Mourant et al. 1976 ) and a sample of Poles from Krakow, Wroclaw, and Rzeszow (Wyslouchowa 1970 
1:
2 ‫ס‬ 7.30, df ‫ס‬ 2, P ‫ס‬ 0.026). We observed an excess of XX homozygotes (644 observed, 618 expected) and a deficiency of both XC heterozygotes (626 observed, 640.5 expected) and CC homozygotes (11 observed, 22.5 expected).
When we restricted the pedigree analysis to mating types in which both parents are XC heterozygotes (Table 1 , row 2), we still observed significant deviations from Mendelian expectations ( 2 ‫ס‬ 9.73, df ‫ס‬ 2, P ‫ס‬ 7.70 ‫ן‬ 10
‫3מ‬
). In this case there was a deficiency of both homozygous classes (XX: 21 observed, 22.5 expected; CC: 11 observed, 22.5 expected) and an excess of heterozygotes (58 observed, 45 expected).
Finally, considering only mating types in which one parent is an XC heterozygote and one is an XX homozygote, we saw no significant deviation from Mendelian expectations ( 2 ‫ס‬ 2.54, df ‫ס‬ 1, P ‫ס‬ 0.111), although there was a trend toward a deficiency of heterozygotes (Table 1 , row 3).
Discussion
Patterns of variation at the ACP1 locus are inconsistent with those expected of a neutrally evolving locus. Among European populations we observed systematic deviations from Hardy-Weinberg genotype expectations, with significantly more populations having an excess of ACP1*C heterozygotes (and a deficiency of ACP1*C homozygotes) than expected by chance. Further, when we pooled all 50,528 European individuals in this study, we observed a highly significant deficiency of ACP1*C homozygotes and an excess of heterozygotes. This observation is particularly surprising in our pooled data set, where we expected a Wahlund effect to bias the data toward an excess of homozygotes. Nonneutral patterns were also evident when we compared parent-child genotypes with the expected predictions of Mendelian inheritance. Among parents who are both ACP1*C heterozygotes, we observed only 48.9% of the expected number of homozygous ACP1*C children and an excess of heterozygous children (Table 1 , row 2).
Before considering the possibility that natural selection is acting on the ACP1 locus, we need to examine the potential for biases with regard to data collection as a possible cause of the observed skew in genotype frequencies. In particular, Brinkmann et al. (1971) suggested that ACP1*B/*C and ACP1*C/*C genotypes may be difficult to distinguish based on their electrophoretic staining patterns (but not ACP1*A/*C, which has a distinct banding pattern). Indeed, Brinkmann and colleagues hypothesized that ambiguity between these two genotypes may be the cause of an apparent excess of XC heterozygotes.
Examination of the present data set, however, reveals no indication of this type of systematic bias. In fact, counter to the pattern described, the ACP1*A/*C genotype appears to make up the numerical bulk of the excess heterozygotes in our pooled European sample (ACP1*A/*C: 1,959 observed, 1,860 expected; ACP1*B/*C: 3,462 observed, 3,443 expected) (see Appendix 2). Furthermore, when we excluded all data sets in which there were more ACP1*B/*C heterozygotes than expected, we still observed a significant excess of populations with a deficit of ACP1*C/*C homozygotes (21 out of 25 populations, sign test P ‫ס‬ 9.11 ‫ן‬ 10
‫4מ‬
). Similarly, we saw no signature of typing error in the analysis of Mendelian inheritance. There was an excess of both ACP1*A/*C and ACP1*B/*C children from matings of two heterozygous parents [ACP1*A/*C: 24 observed, 19.5 expected; ACP1*B/*C: 34 observed, 25.5 expected; data from Sorenson (1973 ,  Table IV) ]. In contrast, there was no excess of heterozygous XC offspring in mating types where an ACP1*B/*C parent is paired with a non-ACP1*C homozygote (XX), as would be expected if some ACP1*B/*C parents truly carried the ACP1*C/*C genotype.
Based on these observations, we do not believe that ambiguity in distinguishing ACP1*B/*C and ACP1*C/*C genotypes causes the observed deficit of ACP1*C/*C homozygotes in either the population surveys or the analysis of Mendelian inheritance; therefore the pattern most likely represents the action of natural selection.
On the basis of only the deviations between observed and expected genotype frequencies among European populations, it is difficult to assess the form of natural selection acting on the ACP1*C allele. An excess of heterozygotes is often interpreted as evidence of balancing selection at a locus, operating through overdominance. However, a relatively underappreciated quirk in the interpretation of Hardy-Weinberg deviations is that a significant excess of heterozygotes occurs whenever the geometric mean of homozygous genotypic fitnesses is less than that of the heterozygote (Wallace 1958; Lewontin and Cockerham 1959) . In other words, the existence of a strongly deleterious allele, such as a recessive lethal allele, will cause a considerable excess of heterozygotes. Thus either overdominance or selection against a homozygous genotype is sufficient to produce the pattern observed among our European populations. Comparison of parent and offspring genotypes allows us to distinguish between these alternatives, because different sets of parental genotypes can be used to test each hypothesis. Interestingly, there is no excess of heterozygous children from parental pairings of ACP1*C heterozygotes (XC) and non-ACP1*C homozygotes (XX), as would be expected if overdominance plays a role in maintaining the ACP1*C allele. In contrast, there is a strong deficiency of ACP1*C homozygous children (48.9% of the expected number) from matings of heterozygous parents (XC ‫ן‬ XC). Thus we see no evidence that the ACP1*C allele is currently maintained by overdominance and strong evidence that ACP1*C homozygotes have greatly reduced fitness.
From this analysis of the data it is clear that ACP1*C is a deleterious allele segregating among European populations, which in turn causes the observed deviation from Hardy-Weinberg expectations in our population data. Its persistence is almost certainly due to the fact that its fitness effects appear to be largely recessive, as evidenced by the agreement between observed data and Mendelian expectations from parental pairings of ACP1*C heterozygotes and non-ACP1*C homozygotes (Table 1, row 3) .
An open question then is how ACP1*C arose to polymorphic frequencies in nearly every European population, despite its negative fitness effects. Interestingly, Cavalli-Sforza et al. (1994) found that ACP1*C has one of the strongest correlations (Ͼ0.90) of all polymorphic gene systems with their first principal component of European gene frequencies. Cavalli-Sforza et al. (1994) hypothesized that the genes underlying their first principal component reflect migrations into Europe from the Middle East during the Neolithic. Specifically, this migration event is thought to correspond to the spread of modern agricultural technology. It is particularly interesting that two of the three population outliers with low ACP1*C frequencies (the Norwegian Saami and the Spanish Basque) are among the few populations in Europe that appear to be remnants from pre-Neolithic Europe (Cavalli-Sforza et al. 1994 ). Based on this evidence, the relatively high frequency of ACP1*C may simply reflect a founder event associated with the arrival of agriculture in Europe. Genetic drift may have allowed the ACP1*C allele to increase in frequency in the founder population, and it has since persisted at low frequency (albeit as an unstable polymorphism) because of its recessive influence on fitness.
Alternatively, we cannot rule out a historical role for natural selection favoring the ACP1*C allele. The two tests we use here, deviations from HardyWeinberg equilibrium and deviations from Mendelian patterns of inheritance, detect the action of natural selection only in the current generation and do not address the possibility of selection in the past. Indeed, given the relatively high frequency of ACP1*C in extant European populations, a historical role for selection acting to maintain the allele in the past remains an intriguing hypothesis.
It is important to consider the extent to which the continued segregation of the ACP1*C allele has noticeable fitness effects among extant European populations (and European-derived populations in other portions of the world). Based on our analysis of the data, approximately 10.7% of all Europeans are heterozygous carriers of the ACP1*C allele. Assuming random mating, we estimate that 1.2% of European couples are composed of two heterozygous individuals. It is among these couples where we see only 48.9% of the expected number of offspring with the CC genotype (which account for 25% of the expected number of total offspring from these couples). The point at which this viability selection occurs during development remains unknown. However, the observation that deviations from expected Mendelian patterns of inheritance are present among children indicates that this selection is likely to occur before birth.
Among humans, it has been estimated that 50-80% of all embryos are lost in utero as a result of both environmental and genetic factors (Diamond 1987). Our analyses indicate that viability selection against ACP1*C homozygotes may represent a nonnegligible contribution to this phenomenon among Europeans. Indeed, among couples where both individuals are heterozygous for the ACP1*C allele, as many as 12.3% of all embryos may be lost because of this single genetic factor. Further, when ACP1*C homozygotes are paired with either each other or with ACP1*C heterozygotes, viability selection acting through the ACP1 locus may present a real barrier to fertility. This result appears somewhat paradoxical considering the study of Gloria-Bottini et al. (1996) , which showed that ACP1*C carriers have lower rates of spontaneous abortion than noncarriers. However, less than 5% of the parental pairs in that study were of the type where both individuals carried the ACP1*C allele, making the fitness effect we describe here undetectable.
Our results indicate that ACP1*C is a recessively deleterious allele that reduces viability during early life stages and is not maintained at present by overdominant selection. The relationship between ACP1 and human fertility clearly needs to be examined in more detail. The action of natural selection on this single locus has the power to explain a significant proportion of spontaneous abortions among people of European ancestry and may even act as a molecular mechanism limiting the fertility of some couples. Relatively few individual genes have been implicated directly as causes of early-life-stage nonviability, and those genes that have been identified typically operate through immune system pathways (Stephenson 1996) . The proteins encoded by ACP1, on the other hand, primarily play a role in the regulation of cell growth, differentiation, and metabolism (Raugei et al. 2002) . It may be through these growth-limiting functions that ACP1*C acts to decrease viability. ACP1*C differs from other ACP1 alleles in that it produces a much higher amount of the S isozyme and much less of the F isozyme (Dissing 1987) . Elucidating the functional roles of these isozymes may provide important insights into the metabolic processes underlying early-lifestage viability. 
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